To determine the role of PKC␥ in insulin-like growth factor (IGF)-I-induced phosphorylation of connexin (Cx)43 and control of gap junctions in lens epithelial cells. METHODS. N/N1003A rabbit lens epithelial cells were used in the experiments. PKC translocation or in vivo Cx43 phosphorylation on serine was determined by Western blot analysis. Gap junction activity was measured by scrape-loading/dye-transfer assay. The number of cell surface gap junction plaques was detected by confocal microscopy. The interaction between PKC␥ and Cx43 was determined by coimmunoprecipitation. In vitro Cx43 phosphorylation was assayed by PKC assay kit. Endogenous sn-1,2-diacylglycerol (DAG) was measured by detecting 32 P-labeled phosphatidic acid.
G ap junctions are nonspecific channels between adjacent cells that allow the passage of small (Ͻ1 kDa) molecules, metabolites, and ions. A gap junction channel is formed by two connexons contributed equally by adjacent cells. A connexon is an assembly of six connexin 43 (Cx43) proteins in the lens epithelial cells, whereas Cx46 and Cx50 are found in the lens fiber cells. 1, 2 Reports have indicated that gap junctions between the lens cells play a crucial role in the intercellular metabolic support essential for lens survival. 2, 3 Studies in knockout mice have demonstrated that gap junctions are important for maintaining lens transparency. When the Cx46 gene was knocked out, the mutant mice showed development of nuclear opacity within 3 weeks of birth. 4 -6 Gap junctions are regulated by many environmental factors, such as stress factors, drugs, and growth factors. Previous studies have reported that diabetes causes a decrease in gap junction activity in the lens. 7 In our laboratory, we have reported that diabetes or galactosemia causes a downregulation of protein kinase C (PKC)␥ activity and gap junction activity. 8, 9 The long-term goal of our study was to understand the involvement of PKC␥ in diabetic cataractogenesis. In this study, the role of insulin-like growth factor (IGF)-I in control of PKC␥ was determined.
IGF-I is a potent growth factor that acts in endocrine, autocrine, and paracrine settings to regulate cell proliferation, differentiation, metabolism, and apoptosis. 10 -12 IGF-I actions are mediated by IGF-I receptors in various types of mammalian cells. 13 Recent studies have provided evidence that IGF-I stimulates influx of calcium and production of diacylglycerol. 14 -16 IGF-I stimulation promotes nuclear production of DAG and nuclear translocation of PKC␣ in Swiss 3T3 mouse fibroblasts cells. 17 IGF-I is known to activate IGF-I receptors in oocytes, thus triggering a cascade that involves the activation of MAPK pathways. 18 In vitro studies have shown that MAPK can phosphorylate Cx43 at serines 255, 279, and 282. 19 PKC␥, a type of conventional PKC isozyme, has been identified as an inhibitor of gap junction activities in the lens epithelial cells through its phosphorylation of Cx43. 1, 9 As far as we are aware, no report has been focused on the function of PKC␥ in IGF-I-mediated regulation of gap junctional communication in the lens. In the current study, IGF-I activated PKC␥, which, in turn, increased the binding of Cx43 to PKC␥ and phosphorylation of Cx43 by PKC␥, resulting in disassembly of gap junction plaques and decreased gap junction activity. DAG may work as a second messenger in signaling of PKC␥ activation by IGF-I, whereas mobilization of calcium does not seem to be the primary signal for PKC␥.
MATERIAL AND METHODS

Cell Culture
N/N1003A rabbit lens epithelial cells were cultured in 75-cm 2 flasks in Dulbecco's modified Eagle's medium (DMEM, low glucose; Invitrogen, San Diego, CA) supplemented with 10% fetal bovine serum and 50 g/mL gentamicin, 0.05 U/mL penicillin, and 50 g/mL streptomycin (pH 7.4) at 37°C in an atmosphere of 90% air and 10% CO 2 . The cells were used when they reached 90% confluence.
Western Blot Analyses
Western blot analyses were conducted as described previously. 1 separated by ultracentrifugation at 100,000g for 1 hour at 4°C. Ten micrograms total protein was separated by 7.5% SDS-PAGE, transferred to nitrocellulose membranes, and probed with antibodies against PKC␣ or -␥ (1:1000). The antibodies for PKC␣ and -␥ were from Transduction Laboratories (Lexington, KY), and were monoclonal antibodies produced with specific peptides used as immunogens. They are specific for either PKC␣ or -␥. Anti-Cx43 were from Chemicon (Temecula, CA). The immunogen of anti-Cx43 is the peptide corresponding to positions 252 to 270 of the mouse Cx43 sequence. This monoclonal Cx43 antibody reacts with only a single 43-kDa band on SDS-PAGE. Immunoreactive bands were detected by chemiluminescence (ECL; Pierce, Rockford, IL). The bands were digitized by computer (UN-Scan-It software; Silk Scientific, Orem, UT).
Coimmunoprecipitation
Ninty percent confluent cells in a 75-cm 2 flask were collected and lysed on ice with 1 mL of lysis buffer followed by homogenization and sonication. The cell lysis buffer contains 20 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 0.5 mM EGTA, 0.5% Triton X-100, 25 g/mL aprotinin, and 25 g/mL leupeptin. After centrifugation at 13,000 rpm (20,000g) for 20 minutes, the supernatants were collected and used as whole-cell extracts. Immunoprecipitation antibodies (5 g/mL) against PKC␥ or Cx43 (1:1000; Chemicon) were added to 1 mL whole-cell extracts containing 3 g/L total protein, and incubated at 4°C overnight with constant rotation. After this, 20 L protein-agarose beads (A/G Plus; Santa Cruz Biotechnology, Santa Cruz, CA) were added to the mixture and were further incubated for another 2 hours. The beads were collected by centrifugation, washed with phosphate-buffered saline (PBS) four times, extracted with 20 L 1ϫ sample loading buffer (containing 50 mM Tris-HCl [pH 6.8], 100 mM dithiothreitol [DTT], 2% sodium dodecyl sulfate [SDS], 10% glycerol, and 0.1% bromophenol blue), and boiled for 3 minutes. Western blot analyses were used to visualize immunoreactive bands, as described earlier.
In Vitro and In Vivo Phosphorylation of Cx43 by PKC␥
N/N1003A lens epithelial cells were treated with or without 25 ng/mL IGF-I and harvested at different time intervals. Primary PKC␥ antibodies (5 g) were added to 1 mL of the whole-cell extracts containing 3 g/L total cell proteins at 4°C overnight with constant rotation. After this, 20 L protein-agarose beads were added to the mixture and incubated for another 2 hours. The bead-protein complexes were used for an in vitro phosphorylation assay according to the kit instructions (Protein Kinase C Assay; Calbiochem, La Jolla, CA 32 P] ATP was added to the bead-protein complexes, gently pipetted, and incubated at 30°C for 5 minutes. The reaction was stopped by adding 20 L Tris-glycine/SDS sample buffer, and the samples were boiled for 5 minutes. Proteins were separated by 7.5% SDS-PAGE, and the gel was scanned by a commercial system (Typhoon PhosphoImage System; Amersham Pharmacia Biotech, Piscataway, NJ). Phospho-Cx43 bands were imaged, digitized, and graphed. 
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For in vivo phosphorylation assays, the bead-protein complexes prepared were mixed and boiled with protein loading buffer and subjected to SDS-PAGE (12.5%) directly. The separated proteins were transferred to nitrocellulose membranes and probed with anti-phosphoserine antibodies (1:500; Chemicon) to detect the relative abundance of phosphoserine in Cx43.
Confocal Microscopy Gap Junction Assays
Cell surface gap junction Cx43 plaque assays were performed as described previously. 1 Cell gap junction activities were determined by scrape-loading/dye-transfer (SL/DT) assay.
9,20 N/N1003A lens epithelial cells were grown on glass coverslips in six-well plates. When cells reached 90% confluence, 2.5 L 1% lucifer yellow and 2.5 L 1% rhodamine dextran (Molecular Probes, Madison, WI) were added at the center of coverslips where a cut had been made across the cell surfaces. The cells were incubated for 1 minute at room temperature and washed three times with PBS and incubated with normal medium for 10 minutes, to allow the dye to transfer. Cells were fixed with 2.5% paraformaldehyde for 10 minutes, and the efficiency of dye transfer was monitored by confocal microscopy. 9, 20 Gap junction activity was expressed as number of cells transferred per area Ϯ SD.
Endogeneous DAG Assay
Sample preparation and radioenzymatic assays were performed according to the instructions for the DAG assay kit (Amersham Pharmacia Biotech). Total lipids were extracted with chloroform-methanol and used as the substrates for DAG kinase. Phosphatidic acid (PA) which was labeled by 32 P was produced by the reaction. The product mixtures were separated by thin-layer chromatography, and zones corresponding to 32 P PA were visualized by submitting the dried plates to autoradiography overnight. The spots containing 32 P PA were quantitated by scintillation counting. Endo-DAG levels were calculated from DAG standard curves.
RESULTS
Translocation of PKC␥ Stimulated by IGF I
In many types of mammalian cells, PKC is cytoplasmic and inactive. PKC translocates from the cytosol to the membrane once it is activated by activators, such as calcium, DAG, phorbol ester (12-O-tetradecanoylphorbol 13-acetate; TPA) or growth factors. PKC␥ has been reported to regulate gap junctional communication in the lens. 1 However, the function of growth factors such as IGF-I on activation of lens PKC␥ has never been reported. When the lens epithelial cells were treated with IGF-I, translocation of PKC␥, but not of PKC␣, occurred in a dose-dependent manner (Fig. 1A, top) . No PKC␥ translocation occurred when the cells were treated with acidic FGF (Fig. 1A, bottom) . Quantitative analyses for translocation of PKC␥ by IGF-I are presented in Figure 1C . IGF-I (1 ng/mL) stimulated the translocation of PKC␥ 20 minutes after treatment, and maximum efficiency was reached when the cells were exposed to 25 ng/mL IGF-I for 20 minutes (Fig. 1C, top) . When 25 ng/mL of IGF-I was applied to the cells, PKC␥ was translocated from the cytosol to the membranes as early as 10 minutes after treatment (Figs. 1B 1C, bottom) .
Enhancement of the Interaction between PKC␥ and Cx43
Coimmunoprecipitation assays were used to analyze the possible interactions between PKC␥ and Cx43, the major gap junction protein in the lens epithelial cells, after treatment with IGF-I. For equal loading, 3 mg of the total cell protein of the whole-cell extracts were incubated with 5 g of antibodies against PKC␥ or Cx43. Figure 2A shows that coimmunoprecipitation of PKC␥ and Cx43 was increased by 4-to 10-fold when the cells were treated with 25 ng/mL IGF-I for 30 minutes, according to the quantitation analysis of Western blot bands ( Fig. 2A, bottom) . As a control, anti-PKC␥ and anti-Cx43 antibodies were used as the probes to hybridize the blots shown in Figures 2B and 2C , respectively. The results indicated that coimmunoprecipitation of PKC␥ with Cx43 was specific.
Enhancement of Phosphorylation of Cx43 by PKC␥
Connexins are phosphoproteins, and their phosphorylation status contributes to the regulation of assembly and disassembly of gap junction channels. 1, [21] [22] [23] [24] Previous reports showed that PKC isozymes phosphorylate serine residues at the C terminus of Cx43. 1, 21, 23, 24 The role of IGF-I in the activities of PKC␥ and phosphorylation of Cx43 was determined.
Equal amounts of IGF-I-treated whole-cell extracts were used for coimmunoprecipitation of Cx43 with the PKC␥ antibody (described earlier). The bead-protein complexes were used for in vitro PKC assays. The phosphorylation patterns were imaged, and the quantitative analyses (of three samples Ϯ SD) are presented in Figure 3A . We found multiple PKC␥-interactive proteins when we used anti-PKC␥ to precipitate its binding proteins. For example, 14-3-3 adapter proteins also interacted with PKC␥ (data not shown). We probed the blot with monoclonal anti-Cx43 and found the specific band located on the blot at approximately 43 kDa. The results demonstrate that 25 ng/mL of IGF-I caused increased phosphorylation of Cx43 and that the phosphorylation levels reached maximum at 20 minutes and returned to control levels at 45 minutes, suggesting that IGF-I is a transient growth factor signal. This suggests activation of PKC␥ enzyme activity by IGF-I.
Cx43 is also phosphorylated at threonine and tyrosine. However, the phorbol ester-induced changes in gap junctions resulted only in changes in serine phosphorylation. Therefore, in the current study, we used anti-phosphoserine antisera as a probe to analyze the in vivo total phosphorylation of Cx43 at serine residues (Fig. 3B) . Whole-cell extracts from IGF-Itreated cells were obtained at different time intervals. Equal whole-cell extracts were immunoprecipitated with 5 g antiCx43 antibody, subjected to Western blot analysis, and probed by anti-phosphoserine. In Figure 3B only the Cx43 band is shown. However, phosphorylated PKC␥ and IgG bands are also present on this gel. Cx43 and p-Cx43 have almost identical mobilities on 12.5% SDS-PAGE. The results demonstrated that phosphorylation of serine residues of Cx43 was increased in a time-dependent manner after treatment with IGF-I (Fig. 3B) . 
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Equal loading was verified in the stripped blot probed with anti-Cx43 (Fig. 3C ). These data (Figs. 3A, 3B ) collected from both in vitro and in vivo phosphorylation studies indicated that in vitro maximal phosphorylation of Cx43 occurred at 20 minutes, but significant increases in phosphoserine were detected only at 30 minutes. Fig 3A shows newly 32 P labeled phospho-Cx43 levels by PKC␥ initiated by addition of ATP. Fig 3B shows the accumulation of phosphoserine on Cx43 during IGF-I treatment in live cells and is the result of kinase and phosphatase activity. It may, therefore, take more time to observe a change in phosphoserine in Cx43 in vivo.
Effect of IGF-I on Cell Surface Gap Junctional Communication
Previous publications have documented that phosphorylation of Cx43 results in disassembly of gap junction channels and that the activation of PKC␥ decreases the gap junctional communications through phosphorylation of Cx43 in lens epithelial cells. 1 In the current study, IGF-I activated PKC␥ to translocate to membranes, interact with and phosphorylate Cx43, and decrease gap junction activity. We determined both the numbers of cell surface gap junction plaques and gap junction activity by confocal microscopy. IGF-I (25 ng/mL) was added to treat N/N1003A cells for 0, 10, 20, and 30 minutes. The cells, fixed and stained with anti-PKC␥ antibody (green) and antiConnexin 43 antibody (red), were viewed under a laser scanning confocal microscope (Carl Zeiss, Thornwood, NY). Examples of the images are shown in Figures 4 and 7 , and the number of plaques per micrometer was determined from similar images. Figure 4A shows that cells treated with IGF-I have reduced cell surface Cx43 plaques at 20 and 30 minutes. Incubation with IGF-I for 30 minutes resulted in a 57.2% decrease in the number of plaques. Figure 4B shows the changes in gap junction activities during IGF-I treatments. N/N1003A cells grown in the absence of IGF-I had a gap junction dye transfer mean of 28.8 cells. IGF-I at 25 ng/mL decreased the number of dye labeled cells by 44.6% in a time-dependent manner. The results presented herein indicate that both gap junction activity and the number of cell surface gap junction Cx43 plaques in the lens epithelial cells are decreased by IGF-I.
The 90% confluent cells were lysed with cell lysis buffer (see the Methods section), and the supernatants were used to measure total Cx43 extracts by Western blot. Twenty micrograms total protein was applied to Western blot and probed with Cx43 antisera. Figure 4C demonstrates that total cell Cx43 did not decrease after incubation with 25 ng/mL IGF-I for up to 30 minutes. This suggests that IGF-I causes internalization of Cx43, not degradation.
Effects of TMB-8, a Calcium Mobilization Inhibitor, on PKC␥ Translocation Stimulated by IGF-I
A growth factor, such as IGF-I, transmits signals by interaction with its receptors, and subsequent activation of phospholipase (Fig.  5A, left) , whereas total translocation was observed at 25 mM (Fig. 5A, top) . The results obtained from time-course studies revealed that translocation of PKC␥ to membranes was initiated in less than 5 minutes when the cells were treated with 25 mM CaCl 2 (Fig. 5A, bottom) . Application of 10 to 35 M TMB-8, an internal inhibitor of calcium mobilization, to N/N1003A cells for 15 minutes before 10 mM Ca ϩ2 treatment partially abolished the effect of CaCl 2 on translocation of PKC␥ (Fig. 5B, lanes 5-7) . However, TMB-8 at 10 or 35 M did not affect the PKC␥ translocation stimulated by 25 ng/mL IGF-I (Fig. 5B, lanes 8 -10) or 1 M DAG (Fig. 5B, lanes 11-13) . This suggests that internal calcium mobilization is not a predominant effector of PKC␥ translocation initiated by IGF-I or DAG.
DAG-Activated PKC␥
DAG is considered as an activator of conventional PKCs in mammalian cells. Exogenous DAG was applied to N/N1003A cells for 30 minutes at different doses, and the Western blot profiles are shown in Figure 6A . PKC␥ and -␣, two predominant conventional PKC isozymes in rabbit lens epithelial cells, translocated to the membranes in a dose-dependent and timedependent manner after treatment with DAG. Previous reports have demonstrated that the K d for DAG binding differs between PKC␥ and -␣, with the former being activated by 10-fold lower doses. 25, 26 Thus, PKC␥ was also more sensitive to DAG levels, because substantial translocation of PKC␥ at 0.5 M DAG versus a PKC␣ dose of 2.5 M (Fig. 6A) was observed. DAG (1 M) causes translocation of PKC␥ by 5 minutes (Fig.  6A, bottom) . When the cells were pretreated with TMB-8 for 15 minutes followed by 1 M DAG for 30 minutes, there was no detectable effect of TMB-8 on the translocation of PKC␥ (Fig. 5B, lanes 11-13) . This suggests that DAG initiates translocation of PKC␥, independently of calcium mobilization.
To determine whether IGF-I regulates PKC␥ through DAG, we analyzed the changes of endogenous DAG levels before and after IGF-I treatments. The results in Figure 6B demonstrate that cellular DAG levels increased up to 146% compared with the control, after treatment with 25 ng/mL of IGF-I for 20 minutes, and that prolonged treatment showed DAG levels returning to baseline levels at 30 minutes. The increase in the endogenous DAG level stimulated by 1 M exogenous DAG treatment is similar to that obtained with 25 ng/mL IGF-I (data not shown). Optimal time (15 minutes) with 25 ng/mL IGF-I raised cellular DAG levels to approximately 200 pmol/mg tissue and 1 M DAG elevated these levels to approximately 300 pmol/mg tissue (data not shown). The increased cellular DAG induced by IGF-I is in the same range as that induced by 1 M DAG. This level causes translocation of PKC␥ and not -␣ (see Fig. 6A, top) . This may account for a preferential activation of PKC␥ by IGF-I. After N/N1003A cells were treated with or without 1 M of DAG for 15 or 30 minutes, the cells were used for SL/DT assays to evaluate the gap junction activity. Figure 7B demonstrates the decreases in gap junction activities during DAG treatments. DAG at 1 M for 30 minutes decreased the value of dye-labeled cells by 42.9% in a time-dependent manner, as shown in the 
Effect of DAG on Cell Surface Cx43 Plaques and Gap Junction Activity
DISCUSSION
Diabetes is the third leading cause of death in the United States after heart disease and cancer. Experiments have demonstrated that during diabetes and galactosemia, lens PKC␥ levels are dramatically decreased. 8, 9 In myocardial tissue, DAG levels are elevated during diabetes, and this increases PKC␥ activity and decreased gap junction activity. [27] [28] [29] However, it is still unclear how PKC␥ functions in the lens cell-cell gap junction communication. In the present study, we used lens epithelial cells in culture as our experimental model to investigate the regulation of PKC␥ and gap junctions by IGF-I. We find that IGF-I can cause PKC␥ translocation, and PKC␥ subsequently interacts with and phosphorylates Cx43. IGF-I reduced gap junction activity and the numbers of cell surface gap junction plaques. The results further suggest that diacylglycerol is the messenger for activation of PKC␥ by IGF-I.
IGF-I is an important growth factor involved in diverse growth and differentiation effects. IGF-I is transported to the eyes through blood and then secreted into the ocular fluids. 30 IGF-I transduces its signals through activation of its receptors located in plasma membrane of the lens epithelial cells, which triggers two major signaling cascades, the MAPK and PI 3-kinase pathways. 30 -32 Klok et al. 30 reported that 50 ng/mL IGF-I is sufficient to maintain features of rat lens epithelium differentiation once differentiation is initiated by FGF-2. Similar with other IGF-I dose treatments in lens, 30 10 to 25 ng/mL IGF-I can regulate translocation of PKC␥ and gap junctions in N/N1003A cells, indicating that IGF-I signaling may occur through activation of PKC␥.
The potential downstream signal molecules, such as calcium and DAG, in the signaling of IGF-I and activation of PKC␥ in N/N1003A cells were investigated. TMB-8, an inhibitor for internal calcium mobilization, does not abolish the translocation of PKC␥ stimulated by IGF-I, suggesting that IGF-I activation of PKC␥ is less sensitive to calcium mobilization. Calcium influx may be the principal force for PKC␥ membrane-localization induced by Ca 2ϩ . 13, 33 Similar experiments have been performed using GFP-tagged C2 domains and demonstrating that calcium mobilization is essential for transient membrane localization and calcium influx is necessary for persistent localization. 33 Both PKC␣ and -␥ have two distinct lipid DAG-binding domains, rich in cysteine, referred to as C1A and C1B domains and occurring within the C1 domain. 34 C1 domain DAG-binding affinities differ between PKC␣ and -␥. Compared with PKC␥, PKC␣ has lower DAG-binding affinity. 26, 34 C1A domains provide the interaction with membrane lipid residues, whereas the C1B domains are interaction sites for DAG. 34 -36 Elegant studies using GFP-tagged C1A and C1B domains and high-or low-frequency calcium spikes indicate that DAG binding to C1A prolongs the response to high-calcium binding at C1B sites. 36 In our lens epithelial cells, IGF-I yielded DAG, which may not only increase the membrane affinity for PKC␥, but may also activate PKC␥, but not PKC␣, by directly binding to the C1B domain of PKC␥. It can be hypothesized that the lens epithelial cell PKC␥ has a DAG sensing threshold much lower than that observed for PKC␣. This would allow the different growth factors to activate PKC␥ without activation of PKC␣.
Gap junction channels allow small signaling molecules, metabolites, and ions to pass through to regulate cellular homeostasis and cell-cell signaling. 37 We have shown that PKC␥ inhibits gap junction activity in the lens epithelial cells through interaction with and phosphorylation of Cx43 on serine residues. 1, 9 Cx43 phosphorylation on multiple serine and tyrosine residues contributes to the alteration of gap junction activity. 38, 39 Our research demonstrates that activation of PKC␥ by IGF-I subsequently results in the decrease of gap junction activity through PKC␥ phosphorylation of Cx43. The PKC␥-induced decrease in cell surface Cx43 is not a result of Cx43 degradation. At present the internalization and processing of Cx43 is being studied.
Control of gap junctions could be critical to cell growth and to responses of cells to stress. Our previous study reported that PKC␣ and -␥ have opposite effects on control of gap junctions. Activation of PKC␣ results in increases in cell surface gap junctions, whereas activation of PKC␥ causes a decrease in gap junctions. 1 The switch between assembly and disassembly of gap junctions by PKC␣ and -␥ can function physiologically when the cells are exposed to environmental factors, such as IGF-I, EGF, or stress factors.
In summary, IGF-I signaling in the lens epithelial cells may occur through binding to IGF-I receptors, which, in turn, triggers production of DAG through PLCs. PKC␥ then binds to DAG, translocates to membranes, and further phosphorylates Cx43, which results in disassembly of gap junctions.
